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Abstract
Polarized neutron scattering has shed a new light on URu2Si2. This compound studied for almost thirty years presents two tran-
sitions: a superconducting state below 1.2K (Tsc) and a well-deﬁned bulk transition at 17.8K (T0). In spite of intensive research,
no local probe has deﬁned the order parameter associated with this transition (the famous Hidden Order (HO)). Neutron Larmor
diﬀraction measurements combined with uniaxial stress experiments have shown that the relevant parameter that governs the mag-
netic properties is the a-lattice parameter. Induced magnetization distribution measured by elastic polarized neutron scattering
shows a subtle change when entering the HO state that suggests a freezing of rank 5 multipoles (i.e. dotriacontapole). Polarized
inelastic neutron measurements have shown the existence of two well deﬁned excitations on the top of a broad continuum. How-
ever only the AF excitation vanishes at T0 and as well as when URu2Si2 switches between HO to AF state under pressure. These
excitations seem to correspond also to transitions between singlet levels.
c© 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of the Organizing Committee of the 9th International Workshop on Polarised
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1. Introduction
Almost thirty years ago, it was found that the uranium based compound URu2Si2 becomes superconducting below
1.2 K (Tsc) but also presents a large jump in the speciﬁc heat at 17.8 K (T0) [1]. In the following years, this transition
was conﬁrmed by many other bulk measurements: thermal-expansion [2], resistivity [3, 4], or nonlinear susceptibil-
ity [5]. All these experiments give evidence for the opening of a gap of ∼ 10 meV, which spreads across 40% of the
Fermi surface. However, no microscopic probe was able to establish the order parameter which was named the ”hid-
den order” (HO) . On the one hand, elastic neutron scattering has measured a tiny antiferromagnetic moment of 0.02
μB/U along the c-axis with Q0 = (0, 0, 1) as wave-vector, but it cannot explain the jump in the speciﬁc heat [6]. Even
if this tiny moment is found in all neutron [6] and x-ray [7] scattering experiments, it is not detected by NMR tech-
nique [8] nor by μSR technique [9]. On the other hand, inelastic neutron scattering measurements have detected large
longitudinal magnetic excitations which present two minima at Q0=(0 0 1) and Q1=(0.4 0 1) [6] (Q0 and Q1 are given
in the ﬁrst Brillouin zone but they are generally measured at the equivalent positions (1 0 0) and (0.6 0 0) respectively).
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Thermal and pressure dependences of the gaps of these excitations have proved that the wave-vector associated with
the hidden order is Q0 [10, 11]. Under hydrostatic pressure, URu2Si2 enters through a ﬁrst order transition into an
antiferromagnetic ordered state with the wave-vector Q0 and a moment of ∼ 0.36 μB along the c-axis. Concomitant to
the vanishing of the HO state, the excitation at Q0 vanishes and the gap of the excitation at Q1 jumps suddenly from
5 meV to 8 meV. At ambient pressure, the temperature dependence of these excitations shows that the excitation at
Q0 vanishes at T0 when the gap is going to 0 meV then the gap of the excitation at Q1 ﬁrst decreases slightly with
temperature up to T0 then remains at 3 meV for temperatures up to at least two times T0. Q0 as wave-vector was
conﬁrmed by resistivity [12] and Shubnikov de Haas [13] measurements under pressure: the modiﬁcations below and
above the ﬁrst order line transition of both measurements are very small which indicate no large modiﬁcation of the
Fermi surface which is a clear indication of the same wave-vector in both states.
Even if neutron scattering seems to have already revealed many informations on URu2Si2, new neutron measure-
ment techniques and improvement of spectrometer allowed us to bring new informations.
2. Crystal structure and neutron Larmor diﬀraction.
URu2Si2 crystallizes like many of the silicon and germanium 122 based samples MT2X2 (where M = lanthanide
or actinide element, T = transition metal , X=Si or Ge) in the space group I4/mmm. Even if this space group is quite
common, the atomic positions (M=(0 0 0), T=(1/2 0 1/4), X=(0 0 z∼ 3/8)) allow some unexpected properties for this
family. During the transition from a paramagnetic state to an ordered state, the space group is going to lose some
symmetry operators. However, as shown by Harima et al. [14], the space group I4/mmm can lose some symmetries
without modiﬁcation of the atomic positions. This unexpected property may explain why no change in the crystal
structure nor a broadening of the nuclear peaks have been observed in URu2Si2. Neutron Larmor diﬀraction (NLD)
is a nice tool to check the quality of a sample through its lattice distribution. This method was already used by
Niklowitz et al. [15] on URu2Si2. Their measurement were performed under hydrostatic pressure and they found a
quite surprising result that the distributions of lattice parameter are narrow, better along the c-axis (δc/c = 2 · 10−4)
than along the a-axis (δa/a = 4.2 · 10−4) and stay unchanged with pressure.
We have used NLD on the thermal triple-axis IN22 CRG instrument at the ILL, at ambient pressure, to measure the
temperature variation of the lattice parameters a and c and their distributions above and below T0 (The experimental
set-up and the technique are described in [16, 17]). Thermal expansions from 10K to ≈ 85K along these two axis have
been inferred from the (2,0,0) and (0,0,4) Bragg reﬂections respectively. The thermal expansion value at 10 K given
by dilatometry[2] was used to normalize our data. The results are shown on Fig.1 and compared to a dataset obtained
by a three-terminal capacitance method (from [2, 18]). The two diﬀraction and bulk measurement datasets are only
qualitatively consistent: the main features are seen but absolute values diﬀer. We think that the discrepancy might
come from a diﬀerent sample thermalization as a large sample is used for NLD.
Because of the linear relation between the Larmor phase ϕ and the lattice parameter d, the ﬁnal beam polarization,
P f (ϕ0), yields δd/d0 the FWHM of the distribution of the lattice spacing through :
P f (ϕ0) = Pi · exp
⎛⎜⎜⎜⎜⎝−
ϕ20(δd/d0)
2
16 ln 2
⎞⎟⎟⎟⎟⎠ , (1)
where the distribution of the lattice spacing is assumed to be gaussian, Pi is the beam polarization extrapolated to zero
phase, ϕ0 is the total phase corresponding to the mean neutron wavelength. In practice, we found that Pi ∼ 0.72 while
the natural polarization provided by reﬂection on the Heusler monochromator and analyzer is ∼ 0.90. The diﬀerence
between the natural polarization and Pi is due to the divergence of the neutron beam through RF coils.
From the remaining normalized polarization (P f (ϕ0)/Pi) for ϕ0=8650 rad, relative distributions width δa/a0 =
4.5(3) · 10−4 and δc/c0 = 4.4(2) · 10−4 were deduced. Both distributions are isotropic, independent of the temperature
between 2 and ∼ 80 K. NLD measurement from Niklowitz [15] has determined that the distribution of the lattice
parameter c was surprisingly two times smaller than the distribution of the in-plane parameters a, i.e. 2.1 · 10−4 and
4.05 · 10−4 respectively.
According to the pressure phase diagram of URu2Si2 and assuming that an ordered moment of ∼ 0.4μB exists only
in the high pressure phase, it is quite simple to extract the pressure depedence of the antiferromagnetic volume at low
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Fig. 1. Thermal expansions of a and c lattice parameters in
URu2Si2respectively in red and blue. Dots, full lines and dashed
lines represent our NLD data and the results from dilatometry
measurements taken from [2] and [18].
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Fig. 2. Pressure and uniaxial stress dependences of m0 with η or a
as relevant parameters. The ﬁts were made with mAF=0.4μB us-
ing formula 2 and parameters from Ref.[15] for hydrostatic pres-
sure , and from Ref.[11] for uniaxial stress. The dashed and full
lines correspond to η and a as relevant parameters respectively.
temperature from the distributions of the lattice parameters and elastic constants obtained with the ultrasonic-sound
velocity (for more details see [16]):
VAF/V0 = 1/2 ∗ erfc
⎛⎜⎜⎜⎜⎜⎜⎜⎝
2
√
ln 2 ∂̂ζ
∂X (Xx − X)
δζ/ζ0
⎞⎟⎟⎟⎟⎟⎟⎟⎠ (2)
where V0 is the total volume of the sample, X is hydrostatic pressure p or uniaxial stress σa(Xx is the critical pressure)
ζ0 is the value of the relevant parameter ζ at ambient pressure (ζ can be the lattice parameters a, c or the ratio
c/a) and ζ̂ = Δζ/ζ= ζ(X)−ζ(0)
ζ(0) is the relative variation of the relevant parameter. As it can be seen on the Fig. 2, the
pressure dependence proves that the relevant parameter which governs the magnetic properties in URu2Si2 is the
lattice parameter a. This result is in agreement with our comparison of pressure and uniaxial stress measurements and
it rules out the explanation of the extrinsic nature of the tiny moment due to the distribution of lattice parameter as
proposed by Niklowitz et al.[15].
3. Elastic polarized neutron scattering.
In diﬀerent models, it is proposed that HO could originate from a freezing of high-rank multipoles. Neutron
scattering can evidence directly even-high-rank multipoles. However, this detection is easy for dipolar order but more
diﬃcult for higher ranking as the intensity is small at large q value and null at q = 0. Nonetheless, it is reasonable to
anticipate that the magnetization distribution induced under an applied magnetic ﬁeld might depend on the otherwise
invisible ground state, in particular if this ground state is not invariant by time inversion. Polarized neutron scattering
on a single crystal under an applied magnetic ﬁeld in both the paramagnetic phase and the mysterious HO phase
was performed, to probe potential relevant changes in the ﬁeld induced magnetization distribution when entering the
HO[19]. The nuclear structure was ﬁrst determined above and below T0 on the four-circle diﬀractometer D9 of the
Institut Laue-Langevin, with an incoming neutron wavelength λ = 0.835 Å. Data were corrected for absorption and
extinction. As the crystal used for the experiment was quite large (∼ 5 × 3 × 2.5 mm3), it turns out that extinction
corrections were extremely strong.
The ﬂipping ratio measurements have been carried out on the two-axis diﬀractometer D3, connected to the hot
source of the Institut Laue-Langevin. The wavelength of the incoming neutrons was λ = 0.825 Å and the incident
polarization P = 0.95(1). The ﬂipping ratios have been collected under a magnetic ﬁeld of 9.6 T applied along the
c axis at respectively 2 K (hidden order) and 25 K (paramagnetic phase). The quantity FM(Q = 0) cannot be deter-
mined with neutrons, but it corresponds to the macroscopic magnetization and has been measured on a magnetometer.
It amounts to 0.178 μB/(unit cell) at T = 2 K and 0.290 μB/(unit cell) at T = 25 K. The Maximum Entropy technique
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reconstruction was used to determine the magnetization distribution along the c-axis. As it can be seen Fig.3, the
shape of the magnetization distribution around the uranium site changed when crossing T0: whereas this distribution
looks elongated along the [110] and [11¯0] direction at T = 2 K, it is elongated along [100] and [010] at T = 25 K.
The magnetization distributions were computed from the ionic wave-functions of the uranium ion U4+ and con-
sidering that the state ψ with highest weight at the Fermi level corresponds to a mixture of the crystalline electric
ﬁeld singlets (Γ(1)1 (ν), Γ2, Γ
(2)
1 (ν)). ψ = cosα {cosϕ Γ(1)1 (ν) + sinϕ Γ(2)1 (ν)} + sinα eiβ Γ2, with ν=0.998, α and β
account for the amount of magnetization distributions and hexadecapolar polarization, whereas ϕ accounts for do-
triacontapole polarization as suggested in Ref.[20]: Γ(1)1 and Γ
(2)
1 can indeed only be mixed by dotriacontapole op-
erators of the type JxJyJz(Jx2 − Jy2) and the macroscopic magnetization is FM(Q = 0) = 2 × gJ < ψ|Jz|ψ >=
2 × 3.2 sin(ϕ + ν) cos β sin(2α) μB/(unit cell). Changes in the shape of the calculated magnetization distribution were
only found on varying ϕ (it is insensitive to β as it corresponds to the hexadecapolar order invariant through time
inversion). Figure 4 shows the calculated magnetization distribution for ϕ = 0 and ϕ = π/2. When ϕ = 0, that
is when ψ = cosα Γ(1)1 + sinα e
iβ Γ2, the magnetization distribution is elongated along the [110] and [11¯0] di-
rection as in the experimentally projected magnetization distribution at 2 K, whereas when ϕ = π/2, that is when
ψ = cosα Γ(2)1 + sinα e
iβ Γ2, the elongation is along the [100] and [010] directions as in the experimentally projected
magnetization distribution at 25 K. As already emphasized, a change in this mixing parameter ϕ on decreasing the
temperature can be produced only by a dotriacontapole operator, which leads to the conclusion that the mysterious
phase in URu2Si2 is associated with an order of dotriacontapoles.
4. Inelastic polarized neutron scattering.
The ﬁrst aim of this experiment was to unambiguously determine the polarization of the resonances at Q0 = (1,0,0)
and Q1 = (1.4,0,0) and to determine the nature of the signal occurring at much higher energy than the resonant modes.
The origin of this signal is often attributed to multi-phonons. However, it could also originate come from magnetic
process as hinted by C. Broholm [21].
Inelastic scans with incident polarized neutron were performed using TAS IN22 in the non-spin ﬂip channel with
Q parallel to the a-axis. This conﬁguration provides all the necessary information to determine transverse and longi-
tudinal susceptibilities (see Ref. [11]).
Longitudinal and transverse magnetic susceptibilities at Q0 show that there is no transverse magnetic response
but only a longitudinal one for an energy transfer range going from -3 meV to 27 meV. The longitudinal magnetic
response is made of two contributions: the well-known and well-deﬁned resonance with a gap value E0 of 1.86(5)
meV and a broad magnetic contribution. This broad magnetic contribution, which looks like a magnetic continuum,
persists at least up to 27 meV for measurements performed with a ﬁnal energy of 30.3 meV. The longitudinal and
transverse magnetic susceptibilities at Q1 show, as previously for Q0, no transverse magnetic response in the range of
0 meV to 27 meV. Again the longitudinal response is made of two inelastic magnetic contributions: the well-known
and well-deﬁned resonance with a gap E1 of 4.06(6) meV, and the broad continuum of linewidth Γc. The longitudinal
and transverse susceptibilities for a Q-scan performed with an energy transfer of 15 meV show a constant signal
corresponding to the continuum measured from Q=(1,0,0) to Q=(1.7,0,0). This magnetic signal decreases when
approaching to the nuclear zone center Q=(2,0,0). This vanishing of the continuum has to be veriﬁed by new Q-scans
at diﬀerent energy transfer in the future.
To summarize, the inelastic polarized neutron scattering experiments performed at Q0 and Q1 conﬁrm unambigu-
ously that, at low temperature (below T0 = 17.8 K), the magnetic response is exclusively longitudinal. We also
evidence a broad magnetic continuum that could be ﬁtted at least for the two main Q positions (Q0 and Q1) by exactly
the same quasi-elastic function with a half-width Γc = 7.8 meV. This magnetic contribution had been never taken into
account in the previous studies of temperature dependence of the gaps at Q0 and at Q1.
5. Inelastic polarized neutron scattering under magnetic ﬁeld.
The aim of these experiment was to determine the nature of the ground state of URu2Si2, singlet or doublet. A
previous experiment was performed on V2/Flexe (HZ Berlin) with unpolarized inelastic neutron scattering and with a
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Fig. 4. Upper: projection of the magnetization distribution calcu-
lated from the wavefunction with ν = 0.998, α = 0.0165, β = 0,
ϕ = 0 - Lower: projection of the magnetization distribution cal-
culated from the wavefunction with ν = 0.998, α = 0.0419,
β = 0, ϕ = π/2 (see equation in the text).
vertical ﬁeld of 17T[23]. No splitting was observed on both inelastic excitations at Q0 and Q1. A new experiment has
been recently performed on TAS IN22 (ILL) with a magnetic ﬁeld of 3.5T along the a-axis which is also the Q-vector.
The incident beam was not polarized and we made a polarization analysis of the diﬀracted beam. If a splitting appears
in the ground state, a shift in energy may appear between both states of polarization which corresponds to a gain in
energy for the level with polarization anti-parallel to the magnetic ﬁeld and a loss for the other level. As it can be seen
on Figs. 5 and 6, no shift was detected by this method for both Q-vectors. Combining this experiment, that shows no
splitting, and the experiment with the magnetic ﬁeld along the c-axis, that shows as well no splitting, we can conclude
that the ground state and the ﬁrst excited state are both singlets.
6. Conclusion.
The pertinent lattice parameter which mainly governs the exchange magnetic integrals to switch from the hidden
order state to antiferromagnetic one is the a lattice parameter as proved by two diﬀerent techniques : NLD and com-
parison between hydrostatic pressure and uniaxial stress. The change in the shape of the magnetization distribution
between the paramagnetic state and the hidden order state is the ﬁngerprint of a dotriacontapolar order. In fact, there
are not two magnetic excitations on URu2Si2 but three: the last one being some kind of continuum which seems to
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exist only in the Q-range where the well-deﬁned excitations exist. The study of the narrow excitations under magnetic
ﬁeld seems to exclude a doublet as ground state. This comfort our dotriacontapolar order (JxJyJz(J2x − J2y )).
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